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ABSTRACT
The release of infectious hepatitis C virus (HCV) particles from infected cells remains poorly characterized. We previously dem-
onstrated that virus release is dependent on the endosomal sorting complex required for transport (ESCRT). Here, we show a
critical role of trans-Golgi network (TGN)-endosome trafficking during the assembly, but principally the secretion, of infectious
virus. This was demonstrated by both small interfering RNA (siRNA)-mediated silencing of TGN-associated adaptor proteins
and a panel of dominant negative (DN) Rab GTPases involved in TGN-endosome trafficking steps. Importantly, interfering with
factors critical for HCV release did not have a concomitant effect on secretion of triglycerides, ApoB, or ApoE, indicating that
particles are likely released fromHuh7 cells via pathways distinct from that of very-low-density lipoprotein (VLDL). Finally, we
show that HCVNS2 perturbs TGN architecture, redistributing TGNmembranes to closely associate with HCV core protein re-
siding on lipid droplets. These findings support the notion that HCV hijacks TGN-endosome trafficking to facilitate particle as-
sembly and release. Moreover, although essential for assembly and infectivity, the trafficking of mature virions is seemingly in-
dependent of host lipoproteins.
IMPORTANCE
Themechanisms by which infectious hepatitis C virus particles are assembled and released from the cell are poorly understood.
We show that the virus subverts host cell trafficking pathways to effect the release of virus particles and disrupts the structure of
the Golgi apparatus, a key cellular organelle involved in secretion. In addition, we demonstrate that the mechanisms used by the
virus to exit the cell are distinct from those used by the cell to release lipoproteins, suggesting that the virus effects a unique
modification to cellular trafficking pathways.
Hepatitis C virus (HCV) is a major cause of chronic hepatitis,which can progress to cirrhosis and hepatocellular carci-
noma. The recent development of direct-acting antivirals (DAA)
(1), exemplified by the recently FDA-approved polymerase inhib-
itor sofosbuvir, promises much improved treatment of HCV.
However, high drug costs, coupled with concerns over resistance,
require a deeper understanding of HCV biology in order to iden-
tify novel antiviral targets.
HCV is an enveloped virus with a 9.6-kb positive-sense single-
stranded RNA genome, encoding a 3,000-amino-acid polyprotein
precursor which is cleaved by host and viral proteases into the
structural proteins core, envelope proteins E1 and E2, and p7 and
the nonstructural (NS) proteins NS2, NS3, NS4A, NS4B, NS5A,
and NS5B. Core protein, the principle constituent of the viral
capsid, is targeted to lipid droplets (LDs) (2–4), implying a role for
these lipid storage organelles during HCV assembly. The E1 and
E2 glycoproteins form a heterodimeric complex in the viral enve-
lope. NS5A and viral RNA colocalize with core protein in proxim-
ity to LDs (5), and an interaction betweenNS5A and core is critical
for the production of infectious virions (6). Furthermore, NS2
interacts with p7, E2, NS3, andNS5A, coordinating these proteins
to bring them into proximity with LDs during virion assembly
(7–10). A late-acting, postassembly role for NS2 during virion
release has also been described previously (8, 11, 12).
The cellular pathways involved in virion assembly and release
remain poorly understood. Assembly of infectious intracellular
HCVvirions occurs in close proximity to LDs and is dependent on
factors required during very-low-density lipoprotein (VLDL) as-
sembly, including DGAT1 (13), apolipoprotein B-100 (ApoB)
(14), and ApoE (15). A role for VLDL pathways in the subsequent
release ofHCVparticles has therefore been proposed althoughnot
formerly demonstrated (reviewed in reference 16).More recently,
we, along with others, demonstrated that HCV release is depen-
dent on components of the endosomal sorting complex required
Received 28 April 2016 Accepted 23 May 2016
Accepted manuscript posted online 25 May 2016
CitationMankouri J, Walter C, Stewart H, Bentham M, Park WS, Heo WD, Fukuda
M, Griffin S, Harris M. 2016. Release of infectious hepatitis C virus from Huh7 cells
occurs via a trans-Golgi network-to-endosome pathway independent of very-low-
density lipoprotein secretion. J Virol 90:7159–7170. doi:10.1128/JVI.00826-16.
Editor:M. S. Diamond, Washington University School of Medicine
Address correspondence to Stephen Griffin, s.d.c.griffin@leeds.ac.uk, or
Mark Harris, m.harris@leeds.ac.uk.
* Present address: Hazel Stewart, Division of Virology, Cambridge University
Hospitals NHS Foundation Trust, Cambridge, United Kingdom.
J.M., C.W., and H.S. contributed equally to this article.
Copyright © 2016 Mankouri et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution 4.0 International license.
crossmark
August 2016 Volume 90 Number 16 jvi.asm.org 7159Journal of Virology
 o
n
 Septem
ber 7, 2016 by UNIVERSITY O
F LEEDS
http://jvi.asm.org/
D
ow
nloaded from
 
for transport (ESCRT), suggesting that HCV release is dependent
on endosomal compartments (17, 18). In addition, early endo-
some proteins such as Rab5 have been shown to be required for
virus genome replication, suggesting that HCV is dependent on
this compartment at multiple stages in the virus life cycle (19, 20).
Here, we further dissect the endosomal routes of HCV egress.
We show that trans-Golgi network (TGN)-associated adaptors
play a pivotal role during both HCV assembly and release. Fur-
thermore, a TGN-secretory endosomal pathway, defined by dom-
inant negative (DN) Rab-GTPasemutants, mediates the release of
infectious virions but not that of triglycerides (TGs) or ApoE, the
principle components of VLDL. We also show that the TGN re-
distribution observed within HCV-infected cells is driven by NS2
but only when it is expressed in the context of a functional HCV
replicase. Thus, our data support the idea that release of infectious
HCV occurs via a TGN-endosome secretory pathway that is dis-
tinct from that of VLDL within infected Huh7 cells.
MATERIALS AND METHODS
Cell culture.Huh7 cells were cultured as described previously (21). Sub-
genomic replicon-harboring cell lines were generated and maintained as
described previously (22).
DNA constructs and transfection. Wild-type (WT) and dominant
negative (DN) Rabs were expressed using a pEGFP-C1 or pECFP-C1
(where EGFP is enhanced green fluorescent protein and ECFP is en-
hanced cyan fluorescent protein) vector and have been described previ-
ously (23). A total of 2 105Huh7 cells in one well of a six-well plate were
transfected using polyethylenimine (PEI) (Polysciences, Inc.) according
to the manufacturer’s instructions. To quantify absolute numbers of
transfected cells, plates were visualized with an IncuCyte Zoom system
(Essen Bioscience) at 24 h posttransfection, and the number of green
objects per well was calculated. Filter parameters were set to exclude ob-
jects with 200-m2 and 3,000-m2 areas, thereby excluding cellular
debris. Background threshold was set to a minimum of 5.0 green cali-
brated units (GCU) and was increased where necessary until an untrans-
fected control well had a score of zero.
Production of infectiousHCV.A total of 10g of in vitro-transcribed
(Promega) JFH-1, Jc1 (24), or J6/JFH-1luc (a luciferase-expressing J6/
JFH-1 chimeric virus) (25) transcripts was electroporated intoHuh7 cells,
which were washed and resuspended in diethyl pyrocarbonate (DEPC)-
treated phosphate-buffered saline (PBS) (8  106 cells; 400 l). Electro-
porationwas carried out using a Bio-RadGene Pulser II at 975F and 270
V in a 4-mm cuvette. Cells were plated into T175 flasks in 12 ml of me-
dium, which was harvested/replenished every 24 h to generate pooled
virus stocks.
siRNAs and transfection. Validated Silencer Select small interfering
RNAs (siRNAs) (Life Technologies) were used to silence AP1MI, AP2MI,
GGA1,GGA2, andGGA3.Huh7 cells were seeded (1 105 cells) into each
well of a six-well plate and transfected with 150 pmol of each siRNA,
including a scrambled RNA control, using Lipofectamine RNAiMax (Life
Technologies) according to themanufacturer’s instructions. At 48 h post-
transfection, the supernatant and cell lysate were collected for analysis,
and/or cells were infected with virus as described below.
Quantification of effects on HCV particle production and release.
Following transfection (see above), cells were infected at a multiplicity of
infection (MOI) of 0.2 focus-forming units (FFU)/cell for 24 h in com-
plete Dulbecco’s modified Eagle’s medium (DMEM). Following two
washes in PBS, released virus was collected in serum-free medium for 24
h. Clarified culture supernatant infectivity was determined by focus-
forming assay. This was also performed for intracellular infectivity follow-
ing resuspension of cells in 50l of PBS, five repetitive freeze-thaw cycles,
and clarification at 2,800  g in a microcentrifuge for 5 min. Data are
expressed as means and standard errors. Statistical significance was deter-
mined using a paired Student t test for comparison of two sets of data or a
one-way analysis of variance (ANOVA) with a Bonferroni test when data
for more than two Rab constructs were compared against the GFP-alone
controls. A P value of0.05 was deemed significant.
Quantificationof secreted triglyceride/ApoE.Triglyceride content of
heat-inactivated (65°C, 15min) phenol red and serum-free culture super-
natants was assessed using a colorimetric lipase-based assay that hydro-
lyzes triglycerides to free glycerol, according to the manufacturer’s in-
structions (Sigma). ForWestern blot analysis of ApoE levels, supernatants
were precipitated withmethanol at 4°C overnight; thereafter, precipitated
lipoproteinswere pelleted at 10,000 g for 10min and resuspended in 1
Laemmli buffer forWestern blot analysis. Cells were lysed inGlasgow lysis
buffer (GLB; 10mMPIPES [piperazine-N,N=-bis(2-ethanesulfonic acid]-
KOH, pH 7.2, 120 mM KCl, 30 mM NaCl, 5 mM MgCl2, 1% [vol/vol]
TritonX-100, and 10% [vol/vol] glycerol) plus protease inhibitors (Roche
Complete) and phosphatase inhibitors (2mMNa3VO4, 5mMNaF, 5mM
Na4P2O7), and 10 g of total protein was analyzed by Western blotting.
SecretedApoB andApoEwere also detected and quantifiedwith commer-
cial enzyme-linked immunosorbent assay (ELISA) kits (AlerCHEK).
Briefly, supernatants were diluted 1:10with diluent (ApoBELISA) or used
undiluted (ApoE ELISA) and allowed to adhere to the plate for 45 min.
After plates were thoroughly washed, horseradish peroxidase (HRP)-con-
jugated goat anti-human ApoB/ApoE secondary antibody was added and
allowed to incubate for 45 min. Wells were washed and incubated with
3,3=,5,5=-tetramethylbenzidine (TMB)-peroxide solution for 15 min be-
fore the reaction was terminated with sulfuric acid. Absorbance was read
at 450 nm, and sample values were extrapolated from a positive-control
standard curve.
Replication assays. Rab-GFP/CFP-expressing or siRNA-treated cells
were infected with J6/JFH-1luc at an MOI of 0.2 FFU/cell as described
above prior to lysis in 400 l of passive lysis buffer (Promega). Renilla
luciferase activity was measured using dual-luciferase Stop and Glo re-
agent (Promega) using a luminometer (EG&G Berthold). All assays were
performed in triplicate, and each experiment was repeated a minimum of
three times. All data are expressed as means and standard errors.
Western blotting. Infected or transfected cells were lysed in GLB as
described above, and 10 g of protein was resolved by SDS-PAGE. Pro-
teins were transferred onto polyvinylidene difluoride (PVDF) membrane
(Millipore) using a Bio-Rad semidry transfer apparatus and then probed
with mouse anti-ApoE antibody (Sigma or Abcam), polyclonal rabbit
anti-core protein (kind gift from John McLauchlan, Centre for Virus
Research, Glasgow, Scotland), rabbit polyclonal anti-AP1M1, -AP2MI,
-GGA1, -GGA2, or -GGA3 (Abcam), mouse monoclonal anti-EGFP, or
mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(GeneTex). Washed membranes were incubated with HRP-conjugated
donkey anti-sheep, donkey anti-rabbit, or goat anti-mouse secondary an-
tibody (Sigma) and visualized using an in-house enhanced chemilumi-
nescence system.
Immunofluorescence microscopy. Cells grown on glass coverslips
were fixed for 10 min with 3% (vol/vol) paraformaldehyde (PFA) in PBS
at room temperature or in ice-cold methanol, followed by permeabiliza-
tion in ice-coldmethanol-acetone for 10min. Cells were washedwith PBS
and blocked in PBS–1% bovine serum albumin (BSA) for 30 min prior to
incubation with primary antibodies for 1 h in PBS–1% BSA with poly-
clonal rabbit anti-core protein, sheep polyclonal anti-TGN46 (kind gift
from Sreenivasan Ponnambalam, University of Leeds) (0.5 g/ml),
mousemonoclonal anti-AP1 (Sigma), rabbit polyclonal anti-NS5A serum
(kind gift from Ralf Bartenschlager, University of Heidelberg), rabbit
polyclonal anti-AP2M1 (Abcam) ormousemonoclonal AP33 anti-E2 an-
tibody (provided by Genentech). Washed cells were then labeled using an
appropriate Alexa Fluor 488/594/647-conjugated secondary antibody
(Invitrogen). Cells were washed and mounted onto microscope slides
using Citifluor (Agar Scientific) and then viewed on a Zeiss 510-META
laser scanning confocal microscope under an oil immersion 63 objec-
tive lens (numerical aperture, 1.40). Alexa Fluor 488 dye (494-nm excita-
tion; 519-nm emission) was excited using an argon laser fitted with
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488-nm filters, Alexa Fluor 594 dye (550-nm excitation; 570-nm emis-
sion) was excited using a helium-neon laser fittedwith 543-nmfilters, and
Alexa Fluor 647 dye (650-nm excitation; 670-nm emission) was excited
using a helium-neon laser fitted with 633-nm filters. Images displayed are
representative and are displayed as single optical sections.
RESULTS
HCV particle assembly and release require specific TGN adap-
tors. Given the emerging evidence implicating a role for the en-
dosomal trafficking machinery during HCV egress, we employed
siRNA targeting of key TGN-endosomal trafficking proteins, in-
cluding the 1 subunits of the TGN-resident clathrin adaptor
complex AP1 and the endocytic adaptor AP2 (termedAP1M1 and
AP2M1), as well as the Golgi-localized gamma adaptin ear-con-
taining, ARF-binding (GGA) proteins GGA1, GGA2, and GGA3,
to assess their roles in virus assembly/egress. Huh7 cells trans-
fected with an siRNA were subsequently infected either with
JFH-1 to assess infectious particle production or with a luciferase-
expressing J6/JFH-1 chimeric virus (J6/JFH-1luc) to measure ge-
nome replication.
As expected, an siRNA targeted to the NS5B coding region of
the virus genome efficiently blocked genome replication whereas
silencing of individual TGN trafficking proteins had no significant
effects (Fig. 1A). In contrast, the importance of TGN-endosomal
trafficking to both virion assembly and egress was evident as the
siRNA mediated disruption of intracellular and secreted infectiv-
ity. Depletion of AP1M1 had no effect on intracellular infectivity
(Fig. 1B) but inhibited release (44%  2.5% reduction in extra-
cellular infectivity) (Fig. 1C). Similar data have recently been re-
ported with the silencing of the TGN-endosome adaptor AP1
gamma subunit (AP1G1) in JFH-1-infected hepatocytes (26).
This same trend in infectivity was observed when GGA2 was si-
lenced (64%  3.5% reduction in extracellular infectivity) (Fig.
1C), suggesting that both this and AP1M1 strongly influence the
delivery of assembled virions into the secretory pathway. In con-
trast, a lack of GGA3 resulted in significant reductions in both
intracellular (87%  4% reduction) (Fig. 1B) and extracellular
(78% 3% reduction) (Fig. 1C) infectivity, suggesting that virus
assembly had been disrupted. Intriguingly, silencing of GGA1
yielded an unusual phenotype whereby intracellular infectivity
was reproducibly diminished (60%  4.5% reduction) whereas
that in the secreted compartment was unaltered (Fig. 1B and C).
We further consider the implications of this result in the discus-
sion. In contrast to previous studies (27) and further supporting a
TGN-mediated pathway of virus egress, knockdown of AP2M1
(an endocytic adaptor) had no effect on the virus life cycle. Effi-
cient silencing of individual proteins was confirmed in Huh7 cells
by Western blotting (Fig. 1D). This is in agreement with another
more recent study in which knockdown of the AP2M1 was shown
to have no effect on extracellular HCV RNA release (26). To-
gether, these data strongly support the critical importance of the
TGNand its associated adaptors duringHCVparticle production.
Secretory, but not endocytic, Rab-GTPases control the re-
lease of HCV particles. Given the clear importance of TGN-en-
dosomal adaptors during particle production, we reasoned that
virions likely follow a defined endosomal pathway during
egress. To map this pathway, we exploited the large family of
Rab GTPases (60members), individual members of which gov-
ern specific membrane trafficking steps. Huh7 cells were trans-
fected with a panel of plasmids encoding wild-type or DN Rab
proteins as GFP/CFP fusions prior to infection with JFH-1 or J6/
JFH-1luc. Effects on intracellular/secreted infectivity or replica-
tion (assayed by luciferase activity) were calculated by dividing the
value obtained in the presence of the DN by that obtained for the
corresponding wild-type Rab; values of less than 1 thus repre-
sented a defect mediated by the DN Rab. We first verified that
different stages of the HCV life cycle could be discriminated using
DN mutants of cellular cofactors: Rab5, which interacts with
NS4B and is required for HCV RNA replication (20), and the
AAA-family ATPase VPS4, whichmediates budding/release of as-
sembled HCV particles via recycling of ESCRT-III (17, 18). Reas-
suringly, DN Rab5 reduced HCV replication (61% 10% inhibi-
tion) with concomitant effects on total infectivity (62%  9%
inhibition), whereas DNVPS4 specifically reduced secreted infec-
tivity (64%  8% inhibition) with no effect on replication or
intracellular infectivity (Fig. 2A).
We therefore extended our analysis to include Rab proteins
governing either endocytic/recycling (Rab7, -9, -11, and -35) or
secretory/exocytic (Rab3a, -8b, -13, -23, -27, -32, -33, and -37)
pathways (Fig. 2). No effects upon replication (and by inference,
virus entry) (Fig. 2B) or on the production of intracellular parti-
cles (Fig. 2C) were apparent, yet several DN secretory/exocytic
Rabs significantly inhibited the release of infectious HCV; DN
Rab8b, -13, -23, -27, -32, and -33 proteins caused60% decrease
in extracellular titers (Fig. 2D). Endocytic/recycling Rab proteins
lacked an appreciable role during particle assembly or egress.
Comparable expression was confirmed for a subset of the Rab
proteins (those expressed as GFP fusions) by Western blotting
(Fig. 2E); while overall levels expectedly varied to some extent
between Rabs, variation within pairs of WT/DN constructs was
similar. Thus, whereDNRabs affected particle release (e.g., Rab23
and -27), it is highly unlikely that this resulted from increased
expression relative to the WT counterpart. Furthermore, we con-
firmed that transfected cells were not somehow rendered refrac-
tory to infection by quantifying the proportion of NS5A-express-
ing cells that were also GFP positive using the IncuCyte Zoom
system (28). This revealed similar levels of infection in all cases
except where the DN endocytic Rab5 was expressed, which might
be expected, given its role during replication, as discussed above.
Moreover, given that only a subset of infected cells expressed
dominant negative proteins, it is likely that our population-based
infectivity measures in fact underestimate the effects on release at
the level of individual transfected cells.We therefore conclude that
the trafficking/release of assembled, infectious HCV particles in-
volves transfer through the TGN into a defined secretory endo-
somal pathway within Huh7 cells.
Perturbation of the TGN/endosomal axis of HCV assembly/
release does not affect VLDL secretion. Current models assume
that HCV co-opts the VLDL secretory machinery to effect the
release of infectious virions, and this assumption is based upon
the essential role for factors involved in VLDL biogenesis during
particle assembly and the modulation of VLDL synthesis and se-
cretion by infected cells (29). However, direct evidence for this
secretory pathway is lacking, and recent studies show that clath-
rin-mediated stages of virion egress appear distinct to ApoE secre-
tion; knockdown of either clathrin or its adaptor AP1 impaired
virus secretion but had no effect on extracellular ApoB or ApoE
(26). Hence, in order to reconcile our observed TGN/endosomal
dependence of secretion with these observations, it was necessary
to formally investigate whether knockdown/disruption of TGN
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adaptors or Rabs led to disruption of VLDL secretion. To test this,
experiments were repeated with cells grown under serum-free
conditions to permit directmeasurement of releasedApoE, ApoB,
and triglyceride, which comprise themajor elements of theVLDL-
like particles generated by Huh7 cells (30).
We first examined whether ApoE release was affected by
knockdown of factors that reduced the accumulation of intracel-
lular HCV infectivity (GGA1 and -3), as well as that of the release-
specific AP1M1 and GGA2. Levels of both intracellular and se-
creted ApoE were unaffected, with the exception of a modest
increase in secreted ApoE in the case of GGA1 knockdown (Fig.
3A). This was expected as GGA1 has been shown to specifically
associate with endocytosis of the ApoE receptor, LR11/SorLA
(31). We then quantified the effects of perturbing Rab protein
function on the secretion of the major constituent of VLDL, tri-
glyceride (TG). Again, no effect on TG release was observed, re-
gardless of whether DN Rab proteins affected HCV particle pro-
duction or not (Fig. 3B). Last, we directly quantified the secretion
of both ApoE and ApoB using ELISAs; as shown in Fig. 3C, levels
of bothApoB andApoE secretionwere inherently variable, yet this
FIG 1 Effects of siRNA knockdown of Golgi apparatus-endosome trafficking proteins on HCV genome replication and virus production. Huh7 cells were
transfected with siRNAs for each of the five targets or with a scrambled RNA control and incubated for 48 h, followed by infection with JFH-1 at an MOI of 0.2
for 48 h. (A) For the assessment of HCV genome replication, cells were infected with J6/JFH-1luc at an MOI of 0.2 for 48 h prior to measurement of luciferase
activity. Extracellular (B) and intracellular (C) infectivity were then assessed by focus-forming assay. All data are expressed as the ratio of absolute values obtained
in the presence of the scrambled RNA control to those of the siRNA target sample and are presented as means plus standard errors. **, P 0.05. (D) At 72 h
posttransfection, cells transfected with either a control scrambled siRNA (Cont.) or targeted siRNAs, as indicated, were lysed and probed for each target protein
and GAPDH, as an internal control, by Western blot analysis.
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FIG 2 HCV release is controlled by secretory, but not endocytic, Rab-GTPases. Huh7 cells were transfected with plasmids expressing either wild-type or DN
versions of the indicated proteins for 24 h, followed by infection with JFH-1 at anMOI of 0.2 for 24 h. Infectivity was determined by focus-forming assay. For the
assessment of HCV genome replication, cells were infected with J6/JFH-1luc at anMOI of 0.2 for 48 h prior tomeasurement of luciferase activity. (A) Validation
of the assay using previously characterized controls: VPS4, which inhibits assembly, andRab5, which inhibits genome replication. (B toD)Results of a replication
assay and intracellular and extracellular infectivity assays are shown, as indicated. All assays were performed in triplicate, and each experiment was repeated a
minimum of three times. All data are expressed as the ratio of absolute values obtained in the presence of the wild-type (WT) to those of the DN Rab construct
(DN/WT) and are presented as means and standard errors. **, P  0.05. (E) To analyze Rab protein expression, the indicated cell lysates were subjected to
Western blotting for EGFP. LaneM,molecularmassmarker. (F) Todetermine the efficiency of the transfection/infection procedure, the numbers of infected cells
(NS5Apositive) thatwere alsoGFPpositiveweremanually counted, and results are displayed as a percentage of the total number of infected cells. A representative
image of DN Rab7 transfected cells is shown for illustrative purposes.
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variation did not correlate with observed effects upon secreted
infectivity (compare Fig. 2D and 3C).
Next, we took the converse approach of inhibiting VLDL se-
cretion usingmonensin and askingwhether this adversely affected
the secretion of HCV proteins into the extracellular milieu (Fig.
4). Monensin effectively reduced extracellular ApoE levels and led
to the concomitant intracellular accumulation of ApoE, confirm-
ing a block to secretion.Under these conditions therewas no effect
on either intracellular or extracellular levels of core protein. This is
consistent with a recent publication demonstrating inhibitory ef-
fects ofmonensin onHCV entry but a lack of effect on assembly or
release of infectious virus (32). Thus, while VLDL components
clearly play a vital role during virion morphogenesis, the TGN/
endosomal pathways specifically concernedwithHCV trafficking/
release appear separate from those governing VLDL secretion.
TGNmorphology and trafficking are altered duringHCV in-
fection.Given the role of the TGN during HCV assembly/release,
we next assessed changes to TGN membrane architecture during
HCV infection. Consistent with previous studies (33), we found
that the TGNmarkers TGN46 and AP1 exhibited a dispersed dis-
tribution in JFH-1-infected cells compared to that in surrounding
uninfected cells, which retained a characteristic perinuclear Golgi
“stack” (Fig. 5A). TGN redistribution was further confirmed by
FIG 3 Inhibition of TGN-endosomal trafficking proteins or secretory Rabs does not affect VLDL secretion. (A) To assess ApoE trafficking and secretion in
siRNA-transfected cells, ApoE was methanol precipitated from the supernatants and assessed by Western blot analysis. Cell lysates were also probed for
intracellular ApoE by Western blot analysis. (B) Secreted triglyceride levels were assessed in the culture supernatants from the HCV-infected cells from the
experiment shown in Fig. 2 using a colorimetric lipase-based assay that hydrolyzes triglycerides to free glycerol. NS, not significant. (C) To assess secretion of
ApoE and ApoB from WT or DN plasmid-expressing cells, culture supernatants were analyzed by ELISA.
FIG 4 Core protein secretion can be separated from apolipoprotein secretion.
JFH-1-infected or uninfected cells were treated with monensin (2 M) for 18
h. Lysates or precipitated supernatants were analyzed by Western blotting for
the indicated proteins.
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staining infected cells for the TGN-endosome shuttling protein
mannose 6-phosphate receptor (MPR) (34, 35). MPR was again
more widely distributed within infected cells than in adjacent na-
ive cells. TGN redistribution was dependent on productive virus
entry and replication as infection with heat-inactivated virus pre-
vented alteration of TGN46 or AP1 distribution (Fig. 5B). These
data support the observation that HCV disperses the TGN and
alters the normal trafficking profile of TGN-resident proteins.
TGNmembranes are contiguous with putative HCV assem-
bly sites in infected cells. We noted that in JFH-1-infected cells,
the pattern of TGN staining was reminiscent of that previously
reported for LDs. To investigate this further, we costained JFH-1-
infected cells with antibodies to TGN46 and core protein, together
with the lipid reactive dye BODIPY (dipyrromethene boron diflu-
oride) (Fig. 6A). All three components showed contiguous distri-
butions such that the redistributed TGN compartments were
juxtaposed with both LDs and core protein within infected cells
(Fig. 6A), but not in uninfected cells (Fig. 6B), in a pattern
reminiscent of the coating of LDs reported for core protein and
NS5A (5, 36, 37).
We considered that the redistribution of the TGN results in
juxtaposition of this compartmentwithHCVassembly sites (2, 5).
While E2 and the core protein were only partially contiguous with
each other, noticeable clustering of both proteins occurred at ar-
eas positive for TGN46 (Fig. 6C). Such clustering also occurred for
ApoE (Fig. 6D) andmost likely represents the sites of virus assem-
bly. We therefore consider that TGN membrane redistribution
within close proximity to LDs occurs during virus infection, po-
tentially linking regions of virion assembly with the secretory
pathways required for HCV egress.
NS2-mediated TGN alterations within infected cells require
a functional HCV replicase. Given the role of NS2 in coordinat-
ingNS and structural proteins during virion assembly, we hypoth-
esized that NS2 might be responsible for the TGN rearrange-
ments. To test this, we expressed either the structural proteins
(core protein-p7 expression), the minimal HCV replicase (NS3 to
NS5B [NS3-5B] replicon), or the complete nonstructural protein
repertoire (NS2-5B replicon) (38) within Huh7 cells. Strikingly,
compared to results in JFH-1-infected cells (Fig. 7A), the expres-
sion of core-p7 alone displayed no discernible effects on TGN
architecture, and a mutually exclusive staining pattern for core
protein and TGN46 was observed (Fig. 7B). Similarly, the TGN
was not redistributed within cells expressing an NS3-5B replicon
although some overlap of NS5A (a surrogate marker for replica-
tion complexes) with TGN46 was apparent (Fig. 7C). However,
cells expressing an NS2-5B replicon recapitulated the TGN rear-
rangements observed during full virus infection (Fig. 7D). TGN
rearrangements required continuous HCV gene expression and
were not a clonal selection artifact as a normal TGN appearance
was restored within NS2-5B replicon cells cured by interferon
treatment (Fig. 7E). Furthermore, the context of NS2 expression
within the viral replicase appeared critical as NS2 fused to GFP
expressed alone did not induce redistribution of the TGN (Fig.
7F), as was the case for control cells transfected with GFP alone
(Fig. 8G). Finally, we assessed whether the functionally conserved
NS2 Ser168might play a role during this process; Ser168 is a target
for phosphorylation by casein kinase II (39) and strongly influ-
ences both infectious particle production (8, 40) and NS5A inter-
actions (38). Replicons containing the S168A mutation still in-
duced TGN rearrangements (Fig. 8), indicating that this process
requires additional NS2 functional determinants. Furthermore,
these replicons were based on the genotype 1b culture-adapted
FK5.1 sequence (22), indicating that the ability to induce TGN
rearrangements is not restricted to the genotype 2a JFH-1 isolate.
DISCUSSION
The starting point for this study was the critical importance of
TGN-endosomal adaptors during HCV particle production.
Silencing of the 1 subunit of AP1, an adaptor involved in TGN-
endosome trafficking, inhibited virus egress but did not affect vi-
FIG 5 HCV infection alters TGN morphology. (A) Huh7 cells were infected
with JFH-1, fixed, and permeabilized prior to staining with a rabbit anti-core
antibody and Alexa Fluor 594-conjugated anti-mouse secondary antibody.
Endogenous TGN46, AP1, andM6PRwere detected using either a sheep poly-
clonal anti-TGN46 ormousemonoclonal anti-AP1 andM6PR antibodies with
Alexa Fluor 488-conjugated anti-sheep or anti-mouse secondary antibodies.
(B) Virus stocks were heat inactivated at 65°C for 30 min prior to infection of
Huh7 cells, and TGN and AP1 staining were assessed as described for panel A.
Representative wide-field images are shown. Scale bar, 10 m.
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rus replication/assembly. Encouragingly, this same result has been
achieved with the silencing of the 1 subunit of AP1 (26). Our
study also agrees with the findings of Benedicto and colleagues
(26) in that no reduction of infectivity was observed when the 1
subunit of AP2 (an endocytic adaptor) was silenced, making
TGN-endosome trafficking the key route of HCV JFH-1 egress
(Fig. 1). However, a previous study (27) showed that the produc-
tion of infectious J6/JFH-1 chimeric virus is reduced following
FIG 6 Redistribution of the TGN to the sites ofHCV assembly. Huh7 cells were infectedwith JFH-1 (A, C, andD) ormock infected (B), fixed, and permeabilized
prior to staining with anti-core protein and anti-TGN46 (as described in the legend to Fig. 5), together with BODIPY for detection of lipid droplets (LDs) (A and
B), mouse anti-E2 antibody (AP33) (C), or mouse monoclonal anti-ApoE antibody (D) and appropriate secondary antibodies. Representative confocal images
are shown. Scale bar, 10 m.
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AP2M1 knockdown. The discrepancy between these studies may
reside in the differential core protein localizations in J6/JFH-1 and
JFH-1, which in turn are dictated by p7 and NS2 and suggest that
these viruses may co-opt related, yet distinct, pathways during
egress (41).
GGA silencing yielded further insights into the TGN-endo-
somal transport of HCV particles. Silencing of GGA1 reduced the
levels of intracellular virus but did not influence virus replication
or extracellular titers. These data imply that GGA1may play a role
in stabilizing intracellular virus. In this regard it is intriguing that
GGA1 (but not GGA2 or -3) plays a role in the endocytosis of the
ApoE receptor LR11/SorLA, amember of the LDL receptor family
FIG 7 NS2 is necessary, but not sufficient, to mediate TGN redistribution. Huh7 cells were infected with JFH-1 (A) or transiently transfected with a plasmid
expressing core-p7 (B), fixed, and permeabilized prior to staining for core protein and anti-TGN46, as described in the legend to Fig. 5. Huh7 cells stably
harboring a JFH-1-derivedNS3-5B subgenomic replicon (SGR) (C) or amodified version also containingNS2 (D)were fixed and permeabilized prior to staining
for NS5A with rabbit anti-NS5A polyclonal antiserum and Alexa Fluor 594-conjugated anti-rabbit secondary antibody and TGN46 as described in the legend to
Fig. 5. (E) NS2-5B subgenomic replicon-harboring cells were cured by treatment with interferon (100 units/ml for 3 weeks) and stained as described for panel C.
Huh7 cells were transfectedwith a plasmid expressing anNS2-GFP fusion (F) or pEGFP-N1 (G), fixed, and permeabilized prior to staining for TGN46with sheep
polyclonal anti-TGN46 and Alexa Fluor 594-conjugated anti-sheep secondary antibody. Representative confocal images are shown. Scale bar, 10 m.
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(31). By reducing endocytosis of ApoE, GGA1 silencing could
either inhibit the process of HCV assembly indirectly or destabi-
lize nascent intracellular particles by reducing the availability of
ApoE. Interestingly, a similar phenomenon has been reported in
GGA1-silenced cells infected with HIV (42). Silencing of GGA2
significantly reduced extracellular infectivity (Fig. 1B), suggesting
that this adaptormay linkHCV to subsequent secretory compart-
ments. Silencing of GGA3 produced an almost complete loss of
both intra- and extracellular infectivity, implicating it as an im-
portant mediator of infectious HCV virion assembly. Thus, our
observations correlate with the previously reported roles of both
the TGN and endosomes in HCV release (43).
DN Rabs with a role in controlling TGN-endosome trafficking
(Rab8b, -13, -23, -27, -32, and -33) (Fig. 2) blocked the release of
infectious HCV particles, while those involved in internalization/
endocytic pathways (e.g., Rab3A, -7, -9, -11, -35, and -37) dis-
played little effect (Fig. 2). Rab8b, -32, and -33 regulatemedial and
post-TGN trafficking, while Rab13 controls tight junction biogen-
esis through TGN-mediated transport (44). Surprisingly, Rab11,
known to mediate recycling endosome transport (45), did not
influence HCV secretion in our assays despite an earlier siRNA
screen identifying a role during secretion of infectious HCV (46).
Again, these previous studies differed from ours by assessing the
release of chimeric Jc1 (J6/JFH-1), which routinely gives titers up
to 1,000-fold higher than those of JFH-1 (24, 47).We propose that
different HCV subtypes/genotypes may follow subtly altered
pathways during virus egress.
We further demonstrate that VLDL secretion is unaffected by
silencing of the DNRabs and TGN-endosome adaptors that block
HCV egress (Fig. 3), while inhibition of ApoE secretion using
monensin does not impair core protein release (Fig. 4). This
would support a postrelease association between HCV particles
and VLDL, rather than the formation of cosecreted, hybrid “lipo-
viral particles,” in agreement with the dynamic transfer of HCV
infectivity between VLDL and chylomicron compartments within
patients (48). This suggests that proteins required for VLDL as-
sembly, including ApoB, ApoE, and microsomal triglyceride
transfer protein (MTP), contribute specifically to virion assembly
rather than to subsequent virion release from cells although they
may also be incorporated into infectious virions (49, 50).
Finally, we observed that the TGN membranes and compo-
nents redistribute to LD-, ApoE-, and core protein-positive com-
partments inHCV-infected cells. The TGN redistribution was de-
pendent upon the NS2 protein, but only in the context of a
functional replicase, suggesting that NS2 interactions with other
nonstructural components mediate the formation of these modi-
fied compartments. Consistent with this finding, NS2 has been
shown to play a central role during HCV particle assembly and
release through its interactionswith both structural and nonstruc-
tural proteins in close proximity to LDs (7–10). Our data indicate
that the redistribution of TGN components to virus assembly sites
may be a critical outcome of such interactions.
In conclusion, our results strongly support the idea that the
TGN and associated endosomal compartments represent a major
route for the trafficking and release of infectious HCV particles
from Huh7 cells, which occur independently of VLDL secretion.
Moreover, the virus appears to actively modulate these compart-
ments, bringing components of the TGN to the sites of virus as-
sembly through the action of NS2. These data provide further
evidence that the mechanism of HCV release requires not only
FIG 8 NS2 serine 168 is not required for TGN redistribution. Huh7 cells stably harboring G418-resistant genotype 1b FK5.1 (culture-adapted) subgenomic
replicons (SGRs) were fixed and permeabilized prior to costaining with a rabbit anti-NS5A antibody and sheep anti-TGN46 antibody, followed by labeling with
Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor 594-conjugated anti-sheep secondary antibodies. Subgenomic replicon-positive cells are highlighted
with a white asterisk in the nucleus. Representative confocal images are shown. Scale bar, 10 m.
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LD-associated endoplasmic reticulum (ER) but also membrane
compartments involved in the later secretory pathway. Future
studies should focus on elucidating the interactions between viral
and host proteins that allow HCV to usurp this pathway.
ACKNOWLEDGMENTS
We thank TobiasMeyer (Stanford), Nigel Bunnett (University of Califor-
nia, San Francisco), Mario Zerial (Max Planck Institute of Molecular Cell
Biology and Genetics, Dresden, Germany), Bo van Deurs (University of
Copenhagen, Denmark), HermannM. Schätzl (University of Wyoming),
andRichardPagano (MayoClinicCollege ofMedicine) for the pEGFP-C1
Rab WT and dominant negative plasmids, Takaji Wakita (Tokyo) for
JFH-1 and SGR-JFH-1 constructs, and Charles Rice (Rockefeller Univer-
sity) for the J6/JFH-1luc construct. We thank John McLauchlan, Centre
for Virus Research, Glasgow, Scotland, Ralf Bartenschlager, University of
Heidelberg, and Sreenivasan Ponnambalam, University of Leeds, for an-
tibodies to core protein, NS5A, and TGN46, respectively. We are grateful
to Barnabas King for the NS2-GFP construct and to Carsten Zothner for
technical assistance.
FUNDING INFORMATION
This work was funded by a Wellcome Trust Investigator Award (096670)
to Mark Harris, a Wellcome Trust Project grant (082812) to Mark Harris
and Stephen Griffin, and a Royal Society University Research Fellowship
(UF100419) to Jamel Mankouri.
REFERENCES
1. Pawlotsky JM. 2014. New hepatitis C therapies: the toolbox, strategies,
and challenges. Gastroenterology 146:1176–1192. http://dx.doi.org/10
.1053/j.gastro.2014.03.003.
2. McLauchlan J, Lemberg MK, Hope G, Martoglio B. 2002. Intramem-
brane proteolysis promotes trafficking of hepatitis C virus core protein to
lipid droplets. EMBO J 21:3980–3988. http://dx.doi.org/10.1093/emboj
/cdf414.
3. Boulant S, Targett-Adams P, McLauchlan J. 2007. Disrupting the asso-
ciation of hepatitis C virus core protein with lipid droplets correlates with
a loss in production of infectious virus. J Gen Virol 88:2204–2213. http:
//dx.doi.org/10.1099/vir.0.82898-0.
4. Boulant S, Montserret R, Hope RG, Ratinier M, Targett-Adams P,
Lavergne JP, Penin F, McLauchlan J. 2006. Structural determinants that
target the hepatitis C virus core protein to lipid droplets. J Biol Chem
281:22236–22247. http://dx.doi.org/10.1074/jbc.M601031200.
5. Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas M,
Bartenschlager R, Wakita T, Hijikata M, Shimotohno K. 2007. The lipid
droplet is an important organelle for hepatitis C virus production. Nat
Cell Biol 9:1089–1097. http://dx.doi.org/10.1038/ncb1631.
6. Masaki T, Suzuki R, Murakami K, Aizaki H, Ishii K, Murayama A, Date
T, Matsuura Y, Miyamura T, Wakita T, Suzuki T. 2008. Interaction of
hepatitis C virus nonstructural protein 5A with core protein is critical for
the production of infectious virus particles. J Virol 82:7964–7976. http:
//dx.doi.org/10.1128/JVI.00826-08.
7. Popescu CI, Callens N, Trinel D, Roingeard P, Moradpour D, Des-
camps V, Duverlie G, Penin F, Heliot L, Rouille Y, Dubuisson J. 2011.
NS2 protein of hepatitis C virus interacts with structural and non-
structural proteins towards virus assembly. PLoS Pathog 7:e1001278. http:
//dx.doi.org/10.1371/journal.ppat.1001278.
8. Yi M, Ma Y, Yates J, Lemon SM. 2009. Trans-complementation of an
NS2 defect in a late step in hepatitis C virus (HCV) particle assembly and
maturation. PLoS Pathog 5:e1000403. http://dx.doi.org/10.1371/journal
.ppat.1000403.
9. Jirasko V, Montserret R, Lee JY, Gouttenoire J, Moradpour D, Penin F,
Bartenschlager R. 2010. Structural and functional studies of nonstruc-
tural protein 2 of the hepatitis C virus reveal its key role as organizer of
virion assembly. PLoS Pathog 6:e1001233. http://dx.doi.org/10.1371
/journal.ppat.1001233.
10. Stapleford KA, Lindenbach BD. 2011. Hepatitis C virus NS2 coordinates
virus particle assembly through physical interactions with the E1-E2 gly-
coprotein and NS3-NS4A enzyme complexes. J Virol 85:1706–1717. http:
//dx.doi.org/10.1128/JVI.02268-10.
11. Bentham MJ, Marraikii N, McCormick CJ, Rowlands DJ, Griffin S.
2014. NS2 is dispensable for efficient assembly of hepatitis C virus-like
particles in a bipartite trans-encapsidation system. J Gen Virol 95:2427–
2441. http://dx.doi.org/10.1099/vir.0.068932-0.
12. de la Fuente C, Goodman Z, Rice CM. 2013. Genetic and functional
characterization of the N-terminal region of the hepatitis C virus NS2
protein. J Virol 87:4130–4145. http://dx.doi.org/10.1128/JVI.03174-12.
13. Herker E, Harris C, Hernandez C, Carpentier A, Kaehlcke K, Rosenberg
AR, Farese RV, Jr, Ott M. 2010. Efficient hepatitis C virus particle
formation requires diacylglycerol acyltransferase-1. Nat Med 16:1295–
1298. http://dx.doi.org/10.1038/nm.2238.
14. Gastaminza P, Cheng G, Wieland S, Zhong J, Liao W, Chisari FV. 2008.
Cellular determinants of hepatitis C virus assembly, maturation, degrada-
tion, and secretion. J Virol 82:2120–2129. http://dx.doi.org/10.1128/JVI
.02053-07.
15. Benga WJ, Krieger SE, Dimitrova M, Zeisel MB, Parnot M, Lupberger
J, Hildt E, Luo G, McLauchlan J, Baumert TF, Schuster C. 2010.
Apolipoprotein E interacts with hepatitis C virus nonstructural protein 5A
and determines assembly of infectious particles. Hepatology 51:43–53.
http://dx.doi.org/10.1002/hep.23278.
16. Syed GH, Amako Y, Siddiqui A. 2010. Hepatitis C virus hijacks host lipid
metabolism. Trends Endocrinol Metab 21:33–40. http://dx.doi.org/10
.1016/j.tem.2009.07.005.
17. Corless L, Crump C, Griffin SD, Harris M. 2010. Vps4 and the ESCRT-III
complex are required for the release of infectious hepatitis C virus particles. J
Gen Virol 91:362–372. http://dx.doi.org/10.1099/vir.0.017285-0.
18. Ariumi Y, Kuroki M, Maki M, Ikeda M, Dansako H, Wakita T, Kato N.
2011. The ESCRT system is required for hepatitis C virus production.
PLoS One 6:e14517. http://dx.doi.org/10.1371/journal.pone.0014517.
19. Manna D, Aligo J, Xu C, Park WS, Koc H, Heo WD, Konan KV.
2010. Endocytic Rab proteins are required for hepatitis C virus repli-
cation complex formation. Virology 398:21–37. http://dx.doi.org/10
.1016/j.virol.2009.11.034.
20. Stone M, Jia S, Do HW, Meyer T, Konan KV. 2007. Participation of Rab5,
an early endosome protein, in hepatitis C virus RNA replicationmachinery. J
Virol 81:4551–4563. http://dx.doi.org/10.1128/JVI.01366-06.
21. Ross-Thriepland D, Harris M. 2014. Insights into the complexity and
functionality of hepatitis C virus NS5A phosphorylation. J Virol 88:1421–
1432. http://dx.doi.org/10.1128/JVI.03017-13.
22. Krieger N, Lohmann V, Bartenschlager R. 2001. Enhancement of hep-
atitis C virus RNA replication by cell culture-adaptive mutations. J Virol
75:4614–4624. http://dx.doi.org/10.1128/JVI.75.10.4614-4624.2001.
23. Ishida M, Ohbayashi N, Maruta Y, Ebata Y, Fukuda M. 2012. Func-
tional involvement of Rab1A in microtubule-dependent anterograde
melanosome transport inmelanocytes. J Cell Sci 125:5177–5187. http://dx
.doi.org/10.1242/jcs.109314.
24. Pietschmann T, Kaul A, Koutsoudakis G, Shavinskaya A, Kallis S,
Steinmann E, Abid K, Negro F, Dreux M, Cosset FL, Bartenschlager R.
2006. Construction and characterization of infectious intragenotypic and
intergenotypic hepatitis C virus chimeras. Proc Natl Acad Sci U S A 103:
7408–7413. http://dx.doi.org/10.1073/pnas.0504877103.
25. Lindenbach BD, Evans MJ, Syder AJ, Wolk B, Tellinghuisen TL, Liu
CC, Maruyama T, Hynes RO, Burton DR, McKeating JA, Rice CM.
2005. Complete replication of hepatitis C virus in cell culture. Science
309:623–626. http://dx.doi.org/10.1126/science.1114016.
26. Benedicto I, Gondar V, Molina-Jimenez F, Garcia-Buey L, Lopez-
Cabrera M, Gastaminza P, Majano PL. 2015. Clathrin mediates infec-
tious hepatitis C virus particle egress. J Virol 89:4180–4190. http://dx.doi
.org/10.1128/JVI.03620-14.
27. Neveu G, Barouch-Bentov R, Ziv-Av A, Gerber D, Jacob Y, Einav S.
2012. Identification and targeting of an interaction between a tyrosine
motif within hepatitis C virus core protein and AP2M1 essential for viral
assembly. PLoS Pathog 8:e1002845. http://dx.doi.org/10.1371/journal
.ppat.1002845.
28. Stewart H, Bartlett C, Ross-Thriepland D, Shaw J, Griffin S, Harris M.
2015. A novel method for the measurement of hepatitis C virus infectious
titres using the IncuCyte ZOOMand its application to antiviral screening.
J Virol Methods 218:59–65. http://dx.doi.org/10.1016/j.jviromet.2015.03
.009.
29. Huang H, Sun F, Owen DM, Li W, Chen Y, Gale M, Jr, Ye J. 2007.
Hepatitis C virus production by human hepatocytes dependent on
assembly and secretion of very low-density lipoproteins. Proc Natl
HCV Release Is VLDL Independent
August 2016 Volume 90 Number 16 jvi.asm.org 7169Journal of Virology
 o
n
 Septem
ber 7, 2016 by UNIVERSITY O
F LEEDS
http://jvi.asm.org/
D
ow
nloaded from
 
Acad Sci U S A 104:5848–5853. http://dx.doi.org/10.1073/pnas
.0700760104.
30. Steenbergen RH, Joyce MA, Thomas BS, Jones D, Law J, Russell R,
Houghton M, Tyrrell DL. 2013. Human serum leads to differentiation of
human hepatoma cells, restoration of very-low-density lipoprotein secre-
tion, and a 1000-fold increase in HCV Japanese fulminant hepatitis type 1
titers. Hepatology 58:1907–1917. http://dx.doi.org/10.1002/hep.26566.
31. Herskowitz JH, Offe K, Deshpande A, Kahn RA, Levey AI, Lah JJ. 2012.
GGA1-mediated endocytic traffic of LR11/SorLA alters APP intracellular
distribution and amyloid-beta production. Mol Biol Cell 23:2645–2657.
http://dx.doi.org/10.1091/mbc.E12-01-0014.
32. Feneant L, Potel J, Francois C, Sane F, Douam F, Belouzard S, Calland
N, Vausselin T, Rouille Y, Descamps V, Baumert TF, Duverlie G,
Lavillette D, Hober D, Dubuisson J, Wychowski C, Cocquerel L. 2015.
New insights into the understanding of hepatitis C virus entry and cell-to-
cell transmission by using the ionophore monensin A. J Virol 89:8346–
8364. http://dx.doi.org/10.1128/JVI.00192-15.
33. Bishe B, Syed GH, Field SJ, Siddiqui A. 2012. Role of phosphatidylino-
sitol 4-phosphate (PI4P) and its binding protein GOLPH3 in hepatitis C
virus secretion. J Biol Chem 287:27637–27647. http://dx.doi.org/10.1074
/jbc.M112.346569.
34. Ghosh P, Dahms NM, Kornfeld S. 2003. Mannose 6-phosphate recep-
tors: new twists in the tale. Nat RevMol Cell Biol 4:202–212. http://dx.doi
.org/10.1038/nrm1050.
35. Waguri S, Dewitte F, Le Borgne R, Rouille Y, Uchiyama Y, Dubremetz
JF, Hoflack B. 2003. Visualization of TGN to endosome trafficking
through fluorescently labeled MPR and AP-1 in living cells. Mol Biol Cell
14:142–155. http://dx.doi.org/10.1091/mbc.E02-06-0338.
36. Shi ST, Polyak SJ, Tu H, Taylor DR, Gretch DR, Lai MMC. 2002.
Hepatitis C virus NS5A colocalizes with the core protein on lipid droplets
and interacts with apolipoproteins. Virology 292:198–210. http://dx.doi
.org/10.1006/viro.2001.1225.
37. Salloum S, Wang H, Ferguson C, Parton RG, Tai AW. 2013. Rab18
binds to hepatitis C virus NS5A and promotes interaction between sites of
viral replication and lipid droplets. PLoS Pathog 9:e1003513. http://dx.doi
.org/10.1371/journal.ppat.1003513.
38. Tedbury P, Welbourn S, Pause A, King B, Griffin S, Harris M. 2011. The
subcellular localization of the hepatitis C virus non-structural proteinNS2
is regulated by an ion channel-independent function of the p7 protein. J
Gen Virol 92:819–830. http://dx.doi.org/10.1099/vir.0.027441-0.
39. Franck N, Le Seyec J, Guguen-Guillouzo C, Erdtmann L. 2005. Hepatitis
C virus NS2 protein is phosphorylated by the protein kinase CK2 and
targeted for degradation to the proteasome. J Virol 79:2700–2708. http:
//dx.doi.org/10.1128/JVI.79.5.2700-2708.2005.
40. Jirasko V, Montserret R, Appel N, Janvier A, Eustachi L, Brohm C,
Steinmann E, Pietschmann T, Penin F, Bartenschlager R. 2008. Struc-
tural and functional characterization of nonstructural protein 2 for its role
in hepatitis C virus assembly. J Biol Chem 283:28546–28562. http://dx.doi
.org/10.1074/jbc.M803981200.
41. Boson B, Granio O, Bartenschlager R, Cosset FL. 2011. A concerted
action of hepatitis C virus p7 and nonstructural protein 2 regulates core
localization at the endoplasmic reticulum and virus assembly. PLoS Pat-
hog 7:e1002144. http://dx.doi.org/10.1371/journal.ppat.1002144.
42. Joshi A, Garg H, Nagashima K, Bonifacino JS, Freed EO. 2008. GGA and
Arf proteins modulate retrovirus assembly and release. Mol Cell 30:227–
238. http://dx.doi.org/10.1016/j.molcel.2008.03.015.
43. Lai CK, Jeng KS, Machida K, Lai MM. 2010. Hepatitis C virus egress and
release depend on endosomal trafficking of core protein. J Virol 84:
11590–11598. http://dx.doi.org/10.1128/JVI.00587-10.
44. Marzesco AM, Dunia I, Pandjaitan R, Recouvreur M, Dauzonne D,
Benedetti EL, Louvard D, Zahraoui A. 2002. The small GTPase Rab13
regulates assembly of functional tight junctions in epithelial cells.Mol Biol
Cell 13:1819–1831. http://dx.doi.org/10.1091/mbc.02-02-0029.
45. Ullrich O, Reinsch S, Urbe S, Zerial M, Parton RG. 1996. Rab11
regulates recycling through the pericentriolar recycling endosome. J Cell
Biol 135:913–924. http://dx.doi.org/10.1083/jcb.135.4.913.
46. Coller KE, Heaton NS, Berger KL, Cooper JD, Saunders JL, Randall
G. 2012. Molecular determinants and dynamics of hepatitis C virus
secretion. PLoS Pathog 8:e1002466. http://dx.doi.org/10.1371/journal
.ppat.1002466.
47. Brimacombe CL, Grove J, Meredith LW, Hu K, Syder AJ, Flores MV,
Timpe JM, Krieger SE, Baumert TF, Tellinghuisen TL, Wong-Staal F,
Balfe P, McKeating JA. 2011. Neutralizing antibody-resistant hepatitis C
virus cell-to-cell transmission. J Virol 85:596–605. http://dx.doi.org/10
.1128/JVI.01592-10.
48. Felmlee DJ, Sheridan DA, Bridge SH, Nielsen SU, Milne RW, Packard
CJ, Caslake MJ, McLauchlan J, Toms GL, Neely RD, Bassendine MF.
2010. Intravascular transfer contributes to postprandial increase in num-
bers of very-low-density hepatitis C virus particles. Gastroenterology 139:
1774–1783. http://dx.doi.org/10.1053/j.gastro.2010.07.047.
49. Catanese MT, Uryu K, Kopp M, Edwards TJ, Andrus L, Rice WJ,
SilvestryM, Kuhn RJ, Rice CM. 2013. Ultrastructural analysis of hepatitis
C virus particles. Proc Natl Acad Sci U S A 110:9505–9510. http://dx.doi
.org/10.1073/pnas.1307527110.
50. Lussignol M, Kopp M, Molloy K, Vizcay-Barrena G, Fleck RA, Dorner
M, Bell KL, Chait BT, Rice CM, Catanese MT. 2016. Proteomics of HCV
virions reveals an essential role for the nucleoporin Nup98 in virus mor-
phogenesis. Proc Natl Acad Sci U S A 113:2484–2489. http://dx.doi.org
/10.1073/pnas.1518934113.
Mankouri et al.
7170 jvi.asm.org August 2016 Volume 90 Number 16Journal of Virology
 o
n
 Septem
ber 7, 2016 by UNIVERSITY O
F LEEDS
http://jvi.asm.org/
D
ow
nloaded from
 
